In this work, the depletion of a commercial formulation of the pesticide glyphosate 11 (RoundUp) using photolysis, electrolysis and photo-electrolysis with diamond anodes 12 was studied. Results show that single photolysis is an inefficient technology for the 13 removal of the pesticide; however, when coupled with electrolysis the removal yield 14 significantly improves. The use of a combined process (photo-electrolysis) leads to the 15 generation of higher concentrations of free radicals from the photo-activation of the 16 oxidants electrogenerated. A major finding is that the supporting electrolyte plays a key 17 role on the removal of glyphosate due to the generation of different oxidant species. Such 18 species (peroxocarbonates, peroxosulfates and hypochlorite) also contribute to the 19 depletion of the pesticide. Furthermore, the removal of glyphosate is clearly influenced 20 by the current density because of the strong relationship between this parameter and the 21 oxidants produced on the anode surface. 22 23
In recent years, the use of pesticides has increased in agricultural activities, allowing a 44 high production of different crops. These products are mainly organic compounds capable 45 to remove the weeds. For this reason, there are a wide variety of pesticides which are used 46 in high concentrations all around the World [1] . 47
One of the products typically used in agriculture is glyphosate, a non-selective pesticide. 48
It is an organophosphate compound which is commercially known as RoundUp 49 (Monsanto) and, it presents a phosphate and an amine group in its structure as shown in 50 This compound, like most of the pesticides, is hazardous for the environment and the 54 human health, and since it presents a high diffusion trough the soil to groundwater, 55 involving serious risks. Therefore, it is necessary to develop efficient processes that allow 56 a complete removal of glyphosate present in wastewater [2] . In recent reports, different 57 processes for the removal of this pesticide such as: photocatalytic degradation with TiO2 58
[3] or ferrioxalate [4] , electro-Fenton process with Mn 2+ [5] or nanofiltration technology, 59
have been described. [6] . However, none of them attain a complete removal of organic 60 matter in wastewater. This point is very important for the environment since glyphosate 61 degradation leads to the formation of aminomethylphosphonic acid (AMPA), which is 62 more toxic and persistent than pesticide glyphosate [7] . For this reason, other alternatives 63 should be proposed that remove not only the pesticide but also the total content of organic 64 matter in wastewater. 65
In this context, conductive diamond electrochemical oxidation (CDEO) is considered as 66 a promising technology for the treatment of wastewater [8] [9] [10] [11] . This technique is based 67 on the production of oxidant species from the ions contained in wastewater, which 68 contribute to the degradation of organic matter [12, 13] . In comparing with other electrode 69 materials, Boron Doped Diamond electrode (BDD) presents excellent electrocatalytic 70
properties not only for the production of oxidants but also for the generation of higher 71 concentration of hydroxyl radicals from water oxidation (Eq. The influence of the nature of the supporting electrolyte (Na2CO3, Na2SO4, NaCl) and the 117 current density (10-100 mA cm −2 ) were studied on the electrochemical removal of the 118 pesticide. 119
Analytical procedures. 120
The removal of glyphosate was followed by total organic carbon (TOC) and two of the 121 Regarding the influence of light irradiation two important observations have to be pointed 234 out. As in non-irradiated processes, electro-irradiated processes are more efficient at 235 higher current densities and, obviously, the promoted anodic production of oxidants at 236 higher current densities can also explain this improvement. However, light irradiation 237 does not always improve the efficiency as compared to the non-irradiated processes and 238 a clear difference in the efficiency can be observed between the low and the high current 239 densities tests. While for high current densities, light irradiation always leads to a higher 240 efficiency, in the electrolysis at low current densities, differences are smaller or even 241 negative (as happen in the case of carbonates) (Figure 2) . 242
Light irradiation is known to produce the decomposition of peroxocompounds with the 243 subsequent formation of more powerful radicals (Eqs. 21 to 23) [46] . Because the 244 production of these species is higher at higher current densities, the promotion observed 245 operating at 100 mA cm -2 is clearly justified [31] . It is important to take into account that 246 oxidation capacity of radicals is several folds over that shown by the non-radical species 247
[47]. In addition, in the case of electrolysis in chloride media, light irradiation is known 248 to produce the formation of chlorine radicals from hypochlorite. This radical improves 249 the oxidation reaction rate, as well as prevent the further oxidation of gaseous chlorine 250 (and hence of hypochlorite) to chlorates and perchlorates, as pointed out in equations 21 251 to 23 [48] . 252
In order to clarify the electrochemical production of oxidants and its role on the removal 256 of glyphosate, Figure 4 does not show a great influence on the current density applied, reaching final values lower 272 than 1 mmol O2. In addition, the concentration of this oxidant species is slightly lower 273 during CDPEO which may be related to the production of free carbonate radicals by light 274 decomposition of peroxocarbonates (Eq. 21). A similar behavior was observed in the 275 production of peroxosulfates during CDEO and CDPEO. The concentration of S2O8 2-was 276 higher when compared to peroxocarbonate and, the differences between both processes 277 (CDEO and CDPEO) are more remarkable. In this context, the final concentration of 278 peroxosulfate during CDEO was 1.10 and 5.42 mmole O2, whereas 0.49 and 1.10 mmole 279 O2 were obtained during CDPEO, both for 10 and 100 mA cm -2 respectively. Therefore, 280 the production of free sulfate radicals (Eq. 22) is more efficient at higher current densities 281 and this behavior can be explained in terms of a higher production of peroxosulfate, 282 favoring the total removal of the organic matter in wastewater (Figure 2b ). Regarding the 283 production of oxidants in chloride media, no significant differences were observed in the 284 generation of hypochlorite at low current densities (Figure 4a ) between CDEO and 285 CDPEO, reaching a final value of around 25 mmole O2 in both processes. However, a 286 different behavior was observed during the process in chloride media at 100 mA cm indicates that this species is oxidized to other chlorinated compounds in higher oxidation 291 state (i.e. chlorate and perchlorate). Likewise, it is important to mention that hypochlorite 292 concentration is depleted faster in CDPEO than in CDEO (tCDPEO: 90 min; tCDEO: 180 min) 293 and this fact may be related to the potential production of free chlorine radicals during 294 CDPEO (Eq. 23) that prevents formation of perchlorates. 295
The supporting electrolyte has a great influence on the removal efficiencies since different 296 oxidants are produced, this can be observed in Figures 3 and 4 . Clearly photo-activated 297 persulfate plays a key role in the removal of glyphosate during CDPEO, in spite of the 298 higher concentration of chlorine oxidants produced in the reaction media. 299
The oxidation of glyphosate leads to phosphorous release (Figure 1) . Therefore, the 300 increase in phosphorous concentration is directly related to the removal of glyphosate [3, 301 4, 49, 50]. In this context, Figure 5 shows the evolution of phosphate during photolysis, 302 electrolysis and photo-electrolysis processes in different media and current densities. The 303 maximum theoretical concentration that can be released from 100 mg dm -3 of glyphosate 304 is 18.31 mg P dm -3 . 305
As it can be observed, phosphorous concentration was nil during the 3 h-long tests, 306
indicating that glyphosate may be refractory to single UV irradiation. However, 307 phosphate anion increases during electrolysis and photo-electrolysis, reaching a final 308 value around 18 mg dm -3 . This fact indicates that there is an efficient phosphorous release 309 during CDEO and CDPEO. The differences observed are related to the nature of the 310 supporting electrolyte and the current density. 311 The behavior of phosphorous release, in carbonate media, is similar at 10 mA cm -2 , 319 regardless the irradiation of UV light. In both cases (CDEO and CDPEO), there is an 320 initial increase until reach a maximum value, from which it remains constant. Small 321 differences in the final concentration can be due to an initial concentration of glyphosate 322 lower than 100 mg dm -3 in synthetic wastewater. Nonetheless, these results are in 323 agreement with TOC depletion in carbonate media, where no significant changes were 324 observed between CDEO and CDPEO at these conditions (Figure 2a) . On the other hand, 325 phosphorous release follows a similar behavior in comparison to the removal of organic 326 matter during CDEO and CDPEO with carbonate at 100 mA cm -2 . However, as expected, 327
CDPEO is more efficient for phosphate release because the attack of free carbonate 328 radicals is more aggressive than percarbonate (Figure 5b ). These results highlight that 329 both, percarbonate and carbonate radical, are suitable to attack the P-C bond. 330
Regarding chloride media, phosphorous release is very low when working at 10 mA cm 3 ). This fact seems to indicate that free chlorine radical could be less efficient than 333 hypochlorite for the removal of glyphosate (Figure 5a ). On the contrary, no significant 334 changes were found between CDEO and CDPEO at 100 mA cm -2 (t: 180 min; PCDEO: 335 17.85 mg dm -3 ; PCDPEO: 17.67 mg dm -3 ). This behavior can be related to a higher 336 concentration of oxidants in wastewater, favoring phosphorous release. 337
Sulfate media has been found to be the most appropriate electrolyte for the removal of 338 organic matter from glyphosate and, for this reason, it is not surprising that phosphate 339 release becomes also the fastest in this media. In addition, phosphorus release is more 340 efficient during CDPEO, regardless the current density applied ( Figure 5 ). This fact is 341 due to the attack of sulfate radicals produced from the photo-activation of 342 electrogenerated peroxosulfate (Eq. 22). Nevertheless, the maximum concentration of 343 phosphate that can be released is attained during single CDEO at the current densities 344 studied. In this case, the main species responsible of phosphate release is expected to be 345 electrochemically generated peroxosulfate. 346
Even though phosphorous release is very efficient during CDEO and CDPEO at different 347 current densities, it is not possible to attain the complete mineralization of organic matter 348 when working with carbonate or chloride as supporting electrolyte. This fact can be 349 related to the amine group of the molecule (N-H) chemically bond to carbon. Initially, it 350 is expected than nitrogen could be released during the process and therefore, the main 351 nitrogen species were monitored. Figure 6 shows the concentration of nitrogen released 352 during CDEO and CDPEO at 10 mA cm -2 . In this case, the maximum nitrogen 353 concentration that can be released from 100 mg dm -3 of glyphosate is about 8 mg dm 
Regarding nitrogen speciation in chloride media, nitrates concentration is higher during 374 CDEO. Once again, it can be related to the effect of UV light on nitrogen species during 375 CDPEO (Eqs. 24-25). Therefore, this fact suggests a rapid promotion of nitrogen anions 376 to nitrogen radicals in this media (Cl) during CDPEO because the presence of nitrite anion 377 was discarded. 378
On the other hand, nitrate concentration follows a different trend, in comparison to the 379 results in carbonate and chloride media, when using sulfate as supporting electrolyte. 380
There is an initial increase with the operation time followed by a decrease. Likewise, the 381 maximum concentration of nitrate released was lower in sulfate media. This fact can be 382 related to the production of free radicals by the irradiation of UV light (Eq. 25). However, 383 nitrogen released as nitrate was higher during CDPEO (2.21 vs. 0.77 mg N dm -3 ). At this 384 point, it is important to highlight that nitrate decay can be due to its electroreduction on 385 the cathode, favoring the production of ammonium (Eqs. [26] [27] This species was also monitored during the process (Figure 6b ) and, as it can be observed, 389 ammonium increases with the operation time during the process in carbonate and sulfate 390 media. Its generation is clearly influenced by the supporting electrolyte used. In this 391
context, ammonium follows a characteristic trend of an intermediate compound during 392 the process in carbonate media. In this case, a stripping process can take place due to the 393 alkaline conditions in wastewater (pH ≈ 11), favoring the production of ammonium ions 394 (Eq. 27). Therefore, ammonium concentration decreases at the end of the process. 395
Likewise, the concentration of this species is lower when using UV light irradiation, 396 which indicates that the formation of free nitrogen radicals is favored (Eq. 25). 397
Regarding the ammonium concentration in sulfate media, it increases with the operation 398 time. However, this species is higher during CDPEO when comparing the results obtained 399 in CDEO. This behavior explains the marked decrease observed in nitrate concentration. 400
Finally, ammonium concentration was practically nil during CDEO and CDPEO in 401 chloride media. This fact is related to the potential reaction between ammonium and 402 hypochlorite (previously electrogenerated, Eqs. 8-10 On the other hand, nitrate and nitrite follow the same trend during CDPEO at 100 mA 425 cm -2 , being the concentration of nitrates higher. As it can be observed, both species 426 decrease at the end of the process (Figure 7) . This behavior suggests that the production 427 of nitrite radicals is favored when working at higher current densities (Eq. 25). Likewise, 428 the decrease observed in nitrites concentration can also be related to the photo-chemical 429 reaction between this species and UV light, producing nitric oxide radicals (Eq. 33) [51, 430 52]. 431
Regarding the nitrogen speciation in chloride media at higher current densities, no 433 significant concentrations of nitrites were detected during both processes. However, 434
nitrates concentration increase with the operation time until reaching a maximum value 435 from which its concentration decreases. This behavior has been observed in both 436 processes (CDEO and CDPEO) and it is related to the potential generation of ammonium 437 (Eqs. 26-27). Likewise, the decrease observed during CDPEO is also due to the formation 438 of free radicals by UV light irradiation (Eq. 25). 439
The generation of nitrates was lower during both processes at higher current densities in 440 sulfate media. In these cases, the final concentration of nitrates was lower in comparing 441
to the results obtained in carbonate and chloride media. This behavior indicates that the 442 production of ammonium and free nitrogen radicals is promoted when using sulfate as 443 supporting electrolyte. In this context, ammonium concentration was higher during 444 CDPEO in sulfate media (Figure 7b ). This explains the lower efficiency in nitrates 445 generation during the removal of glyphosate in this media. 446
Overall, ammonium concentration is higher when working at 100 mA cm -2 in sulfate and 447 carbonate media (Figure 7b) . In chloride media, as previously described (Figure 6 ), the 448 ammonium concentration was almost nil due to the potential formation of inorganic 449 chloramines (Eqs. 28-30). A different behavior was only observed during CDEO at 100 450 mA cm -2 . In this case, the concentration of ammonium increases with the applied electric 451 charge. This fact can be related to a higher concentration of oxidants (peroxocarbonate) 452 in wastewater which promotes the nitrogen release and the formation of both nitrate and 453 ammonium. mineralization. ■ Na2CO3; ■ Na2SO4; □ NaCl. 464
On the other hand, synergistic effects were found when coupling both technologies at 100 465 mA cm -2 , regardless the electrolyte used. However, the synergy coefficient was very low 466 during the process in chloride media (0.57 %). This fact suggests that the oxidants 467 electrogenerated are not efficiently used for the degradation of the pesticide. Likewise, 468 the maximum synergy coefficient (42.89 %) has been obtained during the process in 469 carbonate media, although it is important to remark that the complete mineralization of 470 organic matter was not attained during CDPEO in carbonate media. Finally, the process 471 in sulfate media shows a marked synergistic effect at higher current densities (26.40 %) 472 and, in this case, the organic matter was completely removed (Figure 2b -The electrochemical production of oxidants has a great influence in the removal 484 of the pesticide, reaching higher concentrations at 100 mA cm -2 . Likewise, these 485
